ABSTRACT: Previous field and laboratory studies have concluded that suspension-feeding detritivorous fish such as gizzard shad Dorosoma cepedianum selectively ingest nutrient-rich particles using either mechanical sorting within the oropharyngeal cavity or behavioral selectivity within the environment, but none have distinguished between these hypothesized selection mechanisms. To determine whether mechanical selectivity occurs within the oropharyngeal cavity, gizzard shad were fed particles of standardized size but different carbon and nitrogen content in homogeneous particle suspensions vs. non-homogeneous particle distributions. By comparing foregut and epibranchial organ contents with the particles available in a homogeneous suspension, we demonstrated that the fish did not use mechanical selection for nutrient-rich particles. Previously published hypotheses for intraoral selection of nutrient-rich particles in gizzard shad using crossflow filtration or gustatory receptors were not supported. However, when particles with different nutrient content were allowed to settle in a heterogeneous distribution, the nutrients in the foregut and epibranchial organs were 1.5 times higher than those of particles in the water and 2.5 times higher than those of settled particles (p ≤ 0.0001). As a test of one potential behavioral mechanism of particle selection, disturbance of the sediment−water interface resulted in significantly higher organic carbon (p = 0.01) and nitrogen (p = 0.001) within 1 to 2 cm of the bottom compared to the overlying water and the bottom sediment. Thus, future laboratory and field studies should focus on potential behavioral mechanisms of particle selectivity in detritivorous fish suspension feeding on non-homogeneous distributions of small particles (<< 1 mm).
INTRODUCTION
Gizzard shad Dorosoma cepedianum (Clupeidae) are omnivorous suspension feeders that use crossflow filtration to extract minute food particles such as detritus, phytoplankton, and zooplankton (~10 µm to >180 µm, Drenner et al. 1982 Drenner et al. , 1984 from the large volumes of water that are sucked into the mouth (Sanderson et al. 2001) . Suspension-feeding fish are thought to be relatively non-selective because they feed on particles that are too small to be sensed and engulfed individually (Drenner et al. 1982 , Sanderson & Wasser sug 1990 , 1993 . However, previous field and laboratory studies have concluded that gizzard shad are capable of selecting for detritus particles that are richer in nutrients such as carbon and nitrogen (Mundahl & Wissing 1988 , Smoot 1999 , Higgins et al. 2006 . Since detritivorous fish can have major im pacts on nutrient and energy cycling in aquatic environments (Domine et al. 2010 , Schaus et al. 2010 , their ability to feed selectively is of considerable importance. Here we report results of the first experiments designed to test for mechanical selection of nutrient-rich particles within the oropharyngeal cavity. Bowen (1983) summarized 2 potential categories of particle selectivity mechanisms in detritivorous fish: (1) behavioral selection by fish for particles in the environment, and (2) mechanical selection for particles within the oropharyngeal cavity due to functional morphological/hydrodynamic processes. Be hav iorally, a fish could choose to feed in a more nutrientrich area, e.g. by moving to backwater environments where fine-particulate detritus accumulates (Bowen 1983) . Alternatively, based on reports that gizzard shad feeding generates small turbid areas at the sediment− water interface (e.g. Mundahl & Wissing 1987) , Smoot (1999) suggested that gizzard shad could engulf low-density, nutrient-rich particles that remain suspended after denser nutrient-poor particles have settled.
In addition to or instead of behavioral mechanisms for particle selectivity, detritivorous fish could use mechanical selection of particles due to functional morphological features such as epibranchial organs and specializations in gill raker structure (Bowen 1983) . For example, Mundahl & Wissing (1988) suggested that gizzard shad might feed selectively on small nutrient-rich particles using gustatory receptors bordering the epibranchial organs (Schmitz & Baker 1969 , Heinrichs 1982 .
A number of previous studies have suggested that the mechanical selection of small food particles (<<1 mm) could involve hydrodynamic processes inside the oropharyngeal cavity. Using computational fluid dynamic (CFD) simulations and endoscopic experiments with live fish, Sanderson et al. (2001) demonstrated that ngege tilapia Oreochromis esculentus, goldfish Carassius auratus, and gizzard shad Dorosoma cepedianum use crossflow filtration to extract small food particles from water that has entered the oropharyngeal cavity. Based on CFD studies and industrial filtration engineering theory, Sanderson et al. (2001) and Cheer et al. (2012) proposed that the lift and shear experienced by particles at the boundary between the crossflow and the filtrate flow could determine the retention of particles of various size and density inside the oropharyngeal cavity. Smoot & Findlay (2010a) reported that gizzard shad foreguts contained 8 times more low-density material relative to whole sediment. Consequently, Smoot & Findlay (2010b) suggested that detritivorous fish could use crossflow filtration to enrich ingesta with low-density microbial-rich particles, resulting in significant increases in the nutrient quality of ingested food.
The intraoral sorting and rejection of large, dense, inorganic particles (e.g. 1 mm sand grains and 5 mm gravel) from food by suspension-feeding detritivorous fish has been elucidated (e.g. Callan & Sanderson 2003) and is not the focus of this study. In addition, the ability of suspension-feeding fish to feed selectively on the basis of particle size has been welldescribed as a function of gill raker gap size distribution (Mummert & Drenner 1986 , Gibson 1988 , Friedland et al. 2006 . To eliminate particle size as a variable in our experiments, we used a standardized particle size (75 to 125 µm).
All previous experiments on particle selectivity have used only a heterogeneous distribution of particles in the environment and have therefore been unable to distinguish between mechanical selectivity and behavioral selectivity. We placed gizzard shad in a controlled laboratory environment to investigate whether selectivity for nutrient-rich detritus particles reported by Mundahl & Wissing (1988) , Higgins et al. (2006) , and Smoot & Findlay (2010a) could have resulted from mechanical sorting inside the oropharyngeal cavity. A novel element of our experiments is that we quantified the particle selectivity of feeding fish in an environment where the particles were mixed homogeneously compared to an environment with a heterogeneous particle distribution.
We tested 2 major hypotheses: (1) when particles of a standardized size with different nutrient (carbon and nitrogen) content are mixed homogeneously in the environment, the nutrient content of particles in the foreguts of gizzard shad will closely match the nutrient content of particles available in the environment, indicating that mechanical selectivity is not occurring; and (2) when particles of a standardized size with different nutrient (carbon and nitrogen) content are distributed heterogeneously in the environment, the nutrient content of particles in the foreguts of gizzard shad will be significantly higher than the environment. Support for these 2 hypotheses would indicate that gizzard shad are using be havioral rather than mechanical selection to ingest particles with higher nutrient content. Alternatively, mechanical particle selection inside the oropharyngeal cavity would be indicated if foregut nutrient content is significantly higher than in the environment when particles with different nutrient content are mixed homogeneously in the environment.
MATERIALS AND METHODS
Four types of feeding experiments were conducted in laboratory aquaria. Gizzard shad were dissected immediately after feeding to extract foregut and epibranchial organ contents for comparison with the food particles available in the aquarium. The first experiment used uniform particle size and nutrient content. In the second experiment, food particles of standardized size with different carbon (C) and nitrogen (N) content were mixed continuously throughout the aquarium, creating a homogeneous environment and thereby eliminating the potential for behavioral selection of particles. A third experiment was conducted in which the environment was not mixed homogeneously, thereby allowing food particles to settle and stratify. Foregut and epibranchial organ contents were then compared to samples of food particles from different locations in the nonhomo geneous environment. Finally, to investigate the po tential effects of fish movements on the heterogeneity of particle distribution in the environment, a stratification experiment was conducted in which the environment was not mixed homogeneously, fish were not present, and the sediment−water interface was disturbed as suggested by Mundahl & Wissing (1987) and Smoot (1999) .
Gizzard shad collection
Adult gizzard shad (range 19.0 to 25.5 cm standard length, SL) were collected from the Virginia coastal plain using electrofishing techniques. Fish were fed daily in 284 l glass aquaria at 19 to 21°C and acclimated to laboratory conditions for a minimum of 5 d prior to experiments.
Food particles
Commercial food pellets (Big Strike) were used as the high-nutrient food source (44% total C, 6% total N). For the low-nutrient food source, an Ekman Grab sampler was used to collect the top 2 cm of sediment (8% total C, 1% total N) at depths of 3 to 4 m along the central axis of Lake Matoaka in Williamsburg, VA, in an area where gizzard shad occur. The organic component of sediment in this area of Lake Matoaka is derived primarily from algal production (Pensa & Chambers 2004) . The skeletal densities (mass per unit volume) of the high-nutrient (commercial food pellets) and the low-nutrient (sediment) particles were 1.13 g cm −3 and 2.40 g cm −3
, respectively (Micromeritics Analytical Services, Accupyc II 1340). Drenner et al. (1984) quantified that interraker spaces in gizzard shad (13.6 to 16.3 cm SL) ranged from 1 to 85 µm and that the proportion of microspheres retained by these fish increased as a function of particle size, leveling off at about 60 µm. Therefore, both the high-nutrient and the low-nutrient food sources were ground and sieved to a size range of 75 to 125 µm particles using VWR USA Standard Testing sieves with mesh no. 200 (75 µm) and no. 120 (125 µm).
Expt 1: feeding on high-nutrient particles
A 110 l glass aquarium containing 70 l of water was elevated on wooden blocks 7.5 cm above the table surface, and 3 stir plates were arranged under the aquarium. Two air stones (15 cm length) were hung on the sides of the aquarium. The spinning of 3 stir bars (6.5 cm length, 1 cm diameter, 300 rpm) on the aquarium bottom in conjunction with the 2 air stones mixed particles homogeneously throughout the aqua rium without disrupting movements of the fish. The stir bars and air stones created currents to prevent food particles from settling or sorting by density or other physical characteristics. One gizzard shad was transferred from the holding aquaria to the experimental aquarium 48 h prior to the start of a trial, allowing the fish to acclimate and to empty the foregut of all contents. In preliminary experiments, 24 h was sufficient for complete gastric emptying. Any observable feces were siphoned from the experimental aquarium prior to each trial.
Each trial (n = 4) began by adding to the aquarium 10.00 g high-nutrient food particles (75 to 125 µm) stirred in 50 ml of water. Fish were allowed to feed for 1 h. To quantify the food available, water samples were taken at 2, 30, and 60 min after particles had been added. A plastic tube (2.5 cm diameter) was moved vertically through the water column onto a rubber stopper placed randomly on the bottom of the aquarium, resulting in a water column sample of approx. 125 ml.
At the end of each trial, the fish was sacrificed by severing the vertebrae just behind the head, followed by pithing, and was dissected immediately. The foregut was excised within 3 to 5 min and was placed on a clean paper towel. The entire contents of the esophagus and gizzard were extracted using blunt, flat forceps to lift the contents without scraping the foregut lining. Foregut contents were placed in a vial containing deionized water. The entire contents of both epibranchial organs, if any, were also collected and placed in a separate vial.
Expt 2: test for mechanical selection
The nutrient content of the food available to the fish in the aquarium was reduced. Equal amounts (5.00 g each) of the high-nutrient and low-nutrient food sources were stirred in 50 ml of water and added to the aquarium at the start of each trial (n = 6). This 1:1 mixture of high-and low-nutrient particles was used to investigate feeding when equal dry masses of 2 different food sources were mixed homogeneously and maintained in suspension rather than being allowed to settle.
To prevent sediment particles from settling on the aquarium bottom, 4 stir plates were placed under the corners of the aquarium with their associated stir bars (3.75 cm length, 1 cm diameter) and 2 stir plates were placed under the middle. With a maximum stirring capacity of 1 l each at 300 rpm, these stir plates served to gently maintain a suspension of particles in the 70 l of aquarium water. Accompanied by the 2 air stones hung on the sides of the aquarium, the 6 stir bars created sufficient water movement to prevent settling and suspend particles homogeneously without disrupting fish movement. A laser particle size analyzer (laser in situ scattering and transmissometry, LISST-100X, Sequoia Scientific) was used to quantify the effects of stirring on the sizes of the high-nutrient and low-nutrient particles. All other methods were performed as in Expt 1.
Expt 3: test for behavioral selection
To investigate how particle ingestion by gizzard shad is affected by heterogeneity in the environmental distribution of food particles with different nutrient content, all stir bars were removed. Equal amounts (10.00 g each) of the high-nutrient and lownutrient food sources were stirred in 50 ml of water and added to the aquarium at the start of each trial (n = 11). Since particles tended to settle quickly in the absence of stirring, a total of 20.00 g of particles was used to ensure that sufficient particles were available for feeding. Thirty minutes after the particles had been introduced, the methods de scribed previously were used to take a water column sample with minimal disturbance. Immediately after the water sampling, the particles that had settled on the aquarium bottom were sampled using a pipette to remove all particles from the glass surface (approximately 2 ml of particles) in an area selected randomly and approx. equidistant from the 2 air stones.
The foregut contents of each gizzard shad were divided into 2 samples by taking half from the esophagus and half from the gizzard to compose each sample. One sample from each trial was used to measure total C and total N content and the other sample was used for organic C analysis. If total foregut content was ≤5.00 mg, the foregut contents were not divided and only total C and total N analyses were performed. Only 1 fish had epibranchial organ contents with sufficient mass to split for organic C analysis. All other methods were performed as in Expt 2.
Expt 4: stratification and disturbance of sediment−water interface
To investigate stratification and the effects of disturbance of the sediment−water interface on the heterogeneity of particle distribution, the methods of Expt 3 were used with the exception that no fish were present (n = 6). The aquarium was labeled externally with 3 horizontal sections, each 10.3 cm in height. A 1:1 ratio of high-nutrient and low-nutrient particles (total 20.00 g) were stirred in 50 ml of water and added to the aquarium. After the particles had settled for 30 min, two 125 ml samples were siphoned from the center of each of the top, middle, and lower horizontal sections using plastic tubing (3.0 mm internal diameter). Two vertical water samples and 2 samples from the aquarium bottom were then collected as in Expt 3. Immediately thereafter, two 125 ml water samples were siphoned 1 to 2 cm above the aquarium bottom using the plastic tubing while disturbing the sediment−water interface by moving the tip of the tubing slightly from side-to-side to generate water currents that lifted some particles off the bottom ('slight disturbance'). Two additional 125 ml water samples were then siphoned from directly above the aquarium bottom while moving the tip of the tubing more vigorously to generate water currents of higher speeds ('stronger disturbance') that lifted more but not all particles off the bottom. One sample from each location was used for total C and total N analyses and the other was used for organic C analysis.
Elemental analysis
All samples from the feeding experiments and the stratification experiment were filtered onto tared 25 mm glass Whatman GF/C microfiber filters for C and N analyses. Filtered samples were stored in the drying oven at 60°C for at least 24 h before dry mass was measured to the nearest 0.01 mg on a Perkin Elmer AD 6 microbalance. A Perkin-Elmer 2400 Analyzer was used to determine the % total C and N by dry mass of each of the samples.
To quantify organic C and organic N, samples were filtered using the method described above and placed in a muffle furnace at 450°C for 3 h. Using a Perkin-Elmer 2400 Analyzer, the inorganic C and inorganic N that remained were quantified and subtracted from the total C and total N values, respectively, to calculate the organic C and organic N content for each sample. Total N is reported because inorganic N accounted for less than 5% of total N.
Selectivity indices
For Expts 1 to 3, C and N selectivity indices were calculated for each gizzard shad foregut. To calculate each selectivity index, the % nutrient per gram dry mass of the foregut content was divided by the % nutrient per gram dry mass of the corresponding water sample (Mundahl & Wissing 1988 , Higgins et al. 2006 . For each trial, the water value used in the selectivity index was calculated by averaging the % nutrient per gram dry mass of the 3 vertical samples taken during the trial at 2, 30, and 60 min. When epibranchial organ contents were available, a selectivity index was also calculated for the epibranchial organs. For Expt 3, a selectivity index was calculated for the foregut content with respect to the water sample and for the foregut content with respect to the sample from the aquarium bottom.
Statistical analysis
Repeated measures ANOVA was used in Expts 1 and 2 for both C and N to test for significant differences be tween the vertical water column samples from the aquarium taken at 2, 30, and 60 min. Oneway ANOVAs were then performed to test for significant differences between water column, foregut, and epibranchial organ values of C and N for Expts 1 through 3 and to test for significant differences between water and bottom values for Expt 4. If significant differences were found using 1-way ANOVA, a Tukey-Kramer HSD test was used to test each of the pairs of variables (α = 0.05). A sequential Bonferroni correction was used to account for the number of statistical tests performed (Rice 1989) .
RESULTS

Gizzard shad behavior
Fish swimming behavior was characterized during all experiments by constant swimming in full loops, primarily in the lower half of the aquarium. Feeding was characterized by buccal movements during swimming. Fish did not suck particles directly off of the bottom of the aquarium, with an exception observed during Expt 3 when 1 fish sucked particles directly from the aquarium bottom a few times in addition to feeding in the water column.
Expt 1: feeding on high-nutrient particles
When gizzard shad were fed homogeneous suspensions of high-nutrient particles, the % dry mass of C and of N in the foregut contents and in the epibranchial organ contents were not significantly different from those quantified in the water column where the fish were feeding (1-way ANOVA, p > 0.05, Table 1 ). Selectivity indices were approx. 1.0.
Expt 2: test for mechanical selection
When gizzard shad were fed a homogeneous 1:1 suspension of low-nutrient:high-nutrient particles, there were no significant differences in the nutrient composition of the water column samples collected 2, 30 and 60 min after the addition of particles to the aquarium (repeated measures ANOVA, p > 0.05). Therefore, the 3 water column N values and the 3 water column C values were averaged within each trial and the means were used as the vertical water column values in subsequent statistical analyses. This stability of the nutrient levels in the water indicates that the stir plates maintained a homogeneous suspension of particles in the aquarium. This result also demonstrates that the feeding of the gizzard shad did not have a detectable impact on the composition of the particle suspension during these experiments and that the food source available to the fish was effectively constant during the course of these experiments. The laser particle size analyzer (LISST-100X) confirmed that the mean size of the high-nutrient and low-nutrient particles varied by less than 6 to 8% over the time course of the experiments.
The % dry mass of C and of N in the foregut contents and in the epibranchial organ contents were not significantly different from those quantified in the water column where the fish were feeding (1-way ANOVA, p > 0.05, Table 1 ). Selectivity indices were approx. 1.0.
Expt 3: test for behavioral selection
When gizzard shad were fed a 1:1 ratio of lownutrient:high-nutrient particles with no stirring, particle settling created a non-homogeneous distribution of particles in the aquarium. In contrast to the results of Expts 1 and 2, the % total C and % total N of foregut contents and epibranchial organ contents were significantly higher than the nutrient content of particles in the water or on the aquarium bottom (1-way ANOVA, p ≤ 0.0001, Table 2 , Fig. 1 ). For both % C and % N, the only non-significant pair-wise comparisons were between foregut and epibranchial organs (Fig. 1) . Selectivity indices were approx. 1.5 with respect to the water and approx. 2.5 with respect to the aquarium bottom (Table 2) .
One-way ANOVA was also used to compare % organic C in the water column, aquarium bottom, and foregut samples (p ≤ 0.0001, Table 2 , Fig. 2) . The single epibranchial sample was not included in this analysis. In a Tukey-Kramer HSD test, all pairs were significantly different (Fig. 2) . Selectivity indices for organic C were similar to those for total C (Table 2 ).
Expt 4: stratification and disturbance of sediment -water interface
When a 1:1 ratio of low-nutrient:high-nutrient particles was used with no stirring of the aquarium and no fish present, there were no significant differences in % total C, % organic C, or % total N in horizontal water samples taken from the top, middle, or lower thirds of the aquarium (Table 3) .
One-way ANOVAs compared nutrient contents of samples taken from the entire vertical water column, from the undisturbed bottom of the aquarium, from directly above the aquarium bottom during slight disturbance of the sediment−water interface, and from directly above the aquarium bottom during stronger disturbance of the sediment−water interface. The results for % total C, % organic C, and % total N were significant (p = 0.005, p = 0.01, and p = 0.001, respectively). The% total C and % organic C were significantly higher in the samples taken during strong disturbance of the sediment−water interface compared Table 1 . Dorosoma cepedianum. Feeding of gizzard shad in Expt 1 on a homogeneous suspension of high-nutrient particles and in Expt 2 on a homogeneous 1:1 suspension of low-nutrient:high-nutrient particles. Mean ± SE (n) for % total C and % total N in the water column, foregut, and epibranchial organs. Mean ± SE (n) for selectivity indices in the foregut and epibranchial organs (% nutrient per gram dry mass foregut content or epibranchial organ content divided by % nutrient per gram dry mass of corresponding water sample) to vertical samples from the entire water column and compared to samples taken from the aquarium bottom (Tukey-Kramer HSD tests, p ≤ 0.05, Fig. 3a,b) . The % total N was significantly higher in the samples taken during strong disturbance of the sedimentwater interface compared to the samples taken from the water column, from the aquarium bottom, and during slight disturbance of the sediment−water interface (Tukey-Kramer HSD test, p ≤ 0.05, Fig. 3c ).
To calculate selectivity indices, the nutrient content in the water samples siphoned directly above the aqua rium bottom during strong disturbance of the sediment−water interface were compared to vertical samples from the entire water column and to samples from the aquarium bottom (Table 4, Fig. 3 ). These selectivity indices for total C, or ga nic C, and total N were greater than 1.0. In contrast, the selectivity index for inorganic C in the water directly above the aquarium bottom compared to the entire water col- (10) 47.45 ± 5.54 (7) 1.58 ± 0.17 (7) 2.40 ± 0.11 (7) Organic C 28.12 ± 0.48 (8) 15.22 ± 0.74 (8) 37.55 ± 2.74 (8) 1.34 ± 0.10 (8) 2.47 ± 0.17 (8) 39.37 (1) 1.40 (1) 2.59 (1) Total N 3.88 ± 0.09 (11) 2.49 ± 0.08 (11) 6.29 ± 0.28 (10) 1.65 ± 0.10 (10) 2.50 ± 0.11 (10) 6.25 ± 0.36 (7) 1.57 ± 0.08 (7) 2.41 ± 0.11 (7) Table 2. Dorosoma cepedianum. Feeding of gizzard shad in Expt 3 on a 1:1 ratio of non-homogeneous low-nutrient:high-nutrient particles with no stirring of the experimental aquarium. Mean ± SE (n) for % total C, % organic C, and % total N in the water column, bottom of the aquarium, foregut, and epibranchial organs (p ≤ 0.0001 for each of the 3 nutrients, 1-way ANOVAs). Mean ± SE (n) for selectivity indices (SI) in the foregut and epibranchial organs (% nutrient per gram dry mass foregut content or epibranchial organ content divided by % nutrient per gram dry mass of corresponding sample from water column or aquarium bottom) Table 3 . Stratification experiment (Expt 4) using a 1:1 ratio of low-nutrient: high-nutrient particles with no stirring of the aquarium and no fish present. Mean ± SE (n = 6) for % total C, % organic C, and % total N in water sampled from the top, middle, and lower thirds of the aquarium umn was almost 2.0 and the selectivity index for inorganic C in the water directly above the bottom compared to the sample from the bottom was 0.5 (Table 4) .
DISCUSSION
Detritus, broadly defined as non-living organic matter and associated heterotrophic and autotrophic microorganisms, is readily available and may accumulate in large quantities in aquatic environments (Bowen 1979 , Smoot 1999 . However, detritus has low nutrient content and the growth rate and adult body condition of detritivorous fish can be limited by nutrient availability in their food (Bowen 1983 , Mundahl & Wissing 1987 , Ahlgren 1990 , Bowen et al. 1995 , Higgins et al. 2006 . Detritivorous fish such as gizzard shad are an important energy link to higher trophic levels, particularly piscivorous fish and birds. In addition, through excretion in the water column, gizzard shad make nutrients available to primary producers such as phytoplankton (Schaus et al. 1997 , Vanni 2002 , Vanni et al. 2005 , Domine et al. 2010 , Schaus et al. 2010 . Thus, the ability of detritivorous fish to selectively ingest nutrient-rich particles has substantial ecological and physiological importance.
Feeding selectivity
Recent field and laboratory studies using non-homogeneous food sour ces have quantified that nutrient content in the foregut of gizzard shad is significantly higher than that in the inferred food source. The foregut contents of adult gizzard shad from 3 Ohio reservoirs had significantly higher percentages of nitrogen, organic carbon, and phosphorus than found in the top 2 cm of sediment from shallow pools in the upstream regions (Higgins et al. 2006) . Gizzard shad foregut contents in Acton Lake, Ohio also had significantly higher percentages of nitrogen, carbon, and total organic matter than detritus collected over a period of 18 to 20 h in sediment traps (Mundahl & Wissing 1988) . In the laboratory, when age-0 and adult gizzard shad were fed a low-nutrient diet consisting of a 5:1 ratio of surface sediment and aufwuchs that had settled on the bottom of a Living Stream system, nutrient content of the foregut was significantly higher than this food source (Mundahl & Wissing 1988) . These findings led to the conclusion that gizzard shad are selective for nutrient-rich particles (Mundahl & Wissing 1988 , Higgins et al. 2006 ), but mechanisms for this se- Table 4 . Selectivity indices calculated by dividing the % nutrient values from strong disturbance of the sediment−water interface in Expt 4 (S2 in Fig. 3 ) by the water column values (W in Fig. 3 ) or the aquarium bottom values (B in Fig. 3) for total, inorganic, and organic C and for total N. Mean ± SE (n = 5) Fig. 3 . Dorosoma cepedianum. Mean ± SE (n = 6) (a) % total C, (b) % organic C, and (c) % total N in samples taken during Expt 4 from the entire vertical water column (W), from directly above the bottom of the aquarium during weak disturbance of the sediment−water interface (S1) and during strong disturbance of the sediment−water interface (S2, n = 5), and from the undisturbed aquarium bottom (B) for a 1:1 ratio of low-nutrient:high-nutrient particles with no stirring of the aquarium and no fish present. Different letters show significant differences (1-way ANOVA, Tukey-Kramer post hoc pair-wise comparisons, p ≤ 0.05) lective ingestion of nutrient-rich particles had not been determined.
Mechanisms for selection of nutrient-rich particles
During industrial crossflow filtration, lift and shear act to retain certain particles in the mainstream flow while other particles are lost through filter pores or are trapped on the filter surface (Chellam & Weisner 1997 , Sethi & Weisner 1997 , Sutherland 2008 . Smoot & Findlay (2010b) proposed that crossflow filtration could be responsible for the selective retention of low-density nutrient-rich particles by detritivorous fish such as gizzard shad.
The homogeneous suspension of low-nutrient and high-nutrient particles in our study has provided the first test of the hypothesis that detritivorous fish use functional morphological/hydrodynamic processes inside the oropharyngeal cavity to select for nutrientrich particles. Although gizzard shad use morphological features such as gill rakers and epibranchial organs to retain particles during crossflow filtration (San derson et al. 2001) , the gizzard shad in our experiments did not use mechanical sorting to select particles of higher nutrient content inside the oropha ryngeal cavity (Table 1) .
In contrast, our experiments with a non-homogeneous food source were consistent with previous field and laboratory studies demonstrating significant gizzard shad selectivity for nutrient-rich particles. When particles with different nutrient content were allowed to settle and distribute heterogeneously in the aquarium, the nutrients in the foregut and epibranchial organs were approximately 1.5 times higher than those of particles in the water and 2.5 times higher than those of particles on the aquarium bottom (p ≤ 0.0001, Table 2, Figs. 1 & 2) . Given that the gizzard shad did not use intraoral mechanical mechanisms to select for nutrient-rich particles (Table 1) , the only remaining hypothesis in the literature is that behavioral mechanisms could be responsible for gizzard shad selectivity for nutrient-rich particles in the non-homogeneous environment, during our experiments and during the previously published studies mentioned above.
Non-homogeneous distribution of particles provides the opportunity for behavioral selection of particles by detritivorous fish. Fish that ingest benthic detritus may choose to feed in locations with more nutrient-rich particles (Bowen 1983) . For example, the speed of water flow affects the sizes of particles that settle out of suspension. Once entrained, small particles remain suspended at lower flow speeds than do larger particles. Consequently, areas with slow currents can accumulate more fine particulate detritus with higher organic content (Bowen 1983 ). In addition, fish can disturb the sediment−water interface, causing particles to enter the overlying water column, and can then allow denser, nutrient-poor particles to settle while engulfing nutrient-rich particles that are still suspended (Smoot 1999) .
When gizzard shad were fed a 1:1 ratio of lownutrient: high-nutrient particles with no stirring of the experimental aquarium in Expt 3, the particles were distributed non-homogeneously in the aquarium due to settling, with more nutrient-rich particles remaining suspended in the water rather than sinking to the aquarium bottom (Table 2, Figs. 1 & 2) . The fish in our experiments generally swam and suspension-fed in the lower half of the water column rather than using suction feeding to engulf particles that were settled on the aquarium bottom. This feeding behavior is consistent with the higher selectivity indices for foregut/bottom comparisons in Expt 3 (approx. 2.5) relative to the selectivity indices for foregut/water column comparisons (ap prox. 1.5, Table 2 ). However, gizzard shad foreguts and epibranchial organs contained significantly higher % C and % N than were present in vertical samples of the entire water column, demonstrating that the higher nutrient content of the particles in the entire water column could not fully account for the significant feeding selectivity quantified in the foregut and epibranchial organ contents. Furthermore, since horizontal water samples taken from the top, middle, and lower thirds of the aquarium during Expt 4 were not significantly different in % C or % N (Table 3) , the gizzard shad could not have selected for more nutrient-rich particles by suspension feeding preferentially in water from the top, middle, or lower thirds of the aquarium.
Our disturbance of the sediment−water interface during Expt 4 illustrates a potential behavioral mechanism of selectivity for more nutrient-rich particles (Fig. 3) . During this experiment using a 1:1 ratio of low-nutrient:high-nutrient particles with no stirring of the aquarium and no fish present, the darkercolored, denser, low-nutrient particles (2.40 g cm ). Following strong disturbance of the sediment− water interface in Expt 4, nutrient content of the water sampled 1 to 2 cm above the bottom was significantly higher than nutrient content in vertical samples of the entire water column or samples from the aquarium bottom (Fig. 3) .
The selectivity indices for organic C and total N in Table 4 and the data in Fig. 3 establish that strong disturbance of the sediment−water interface created a region 1 to 2 cm above the bottom of the aquarium that was enriched in nutrient content relative to the entire vertical water column or the aquarium bottom. Low-density, nutrient-rich particles were resuspended more readily than denser inorganic particles. The selectivity indices of 1.3 to 1.4 for C and N comparing the area directly above the disturbed sediment vs. the entire vertical water column (Table 4) were similar to the selectivity indices of 1.3 to 1.6 comparing the contents of the foregut and the epibranchial organs vs. the entire vertical water column in the non-homogeneous Expt 3 (Table 2 ). In support of Smoot's (1999) hypothesis, these results demonstrate that gizzard shad could use behavioral mechanisms of particle selectivity by swimming and feeding directly above the bottom to re-suspend and ingest a higher proportion of low-density particles with greater nutrient content.
Fish movement could re-suspend less dense, more nutrient-rich particles and leave more of the denser, nutrient-poor particles on the bottom. This theory is supported by the selectivity indices calculated for % inorganic C, % organic C, and % total N in Table 4 . Strong disturbance of the sediment−water interface in Experiment 4 resulted in high organic C and high total N in the water directly above the bottom compared to the entire vertical water column and the bottom of the aquarium. The % inorganic C in the water sampled directly above the aquarium bottom during the strong disturbance was also high compared to the % inorganic C in the entire vertical water column (~2.6% vs. ~1.3%, respectively), and the corresponding mean selectivity index for inorganic C was high (1.96) ( Table 4 ). This high selectivity index indicates that strong disturbance of the sediment− water interface did re-suspend inorganic particles. However, when the % inorganic C in the water sampled directly above the aquarium bottom during the strong disturbance (~2.6% inorganic C) was compared to the % inorganic C sampled from the bottom of the aquarium (~5.3% inorganic C), the mean selectivity index was low (0.52), indicating that the % dry mass of inorganic C particles was still twice as high on the bottom of the aquarium compared to the water sampled directly above the aquarium bottom during strong disturbance of the sediment -water interface. These data demonstrate the need for future studies that quantify the nutrients available to detritivorous fish in their microhabitats as a result of their feeding and swimming behavior.
CONCLUSIONS
The novel use of a homogeneous environment in our experiments allowed intraoral mechanical selection to be tested independently of behavioral particle selection. When gizzard shad were fed a homogeneous suspension of particles with different nutrient content and standardized size, there was no evidence that gizzard shad have the ability to mechanically select nutrient-rich particles within the oropharyngeal cavity using functional morphological/hydrodynamic processes. However, when fish fed on a nonhomogeneous distribution of particles with different nutrient content and standardized size, fish foregut and epibranchial organ contents were significantly higher in % C and % N by dry mass compared to particles suspended in the water column and compared to particles settled on the bottom of the aquarium.
Our experiments demonstrated that a nonhomogeneous distribution of particles created microhabitats in which gizzard shad could behaviorally select for nutrient-rich particles. Disturbance of the sediment− water interface caused the water directly above the bottom of the aquarium to be richer in organic C and total N compared to the entire water column and the bottom.
The absence of mechanical selection for nutrientrich particles by gizzard shad in these experiments emphasizes the value of future laboratory and mesocosm studies that provide opportunities for the quantification and manipulation of detritivorous fish feeding behavior. In addition, theoretical and experimental studies of crossflow filtration are needed to quantify the particle sizes and densities that may affect particle retention by suspension-feeding and detritivorous fish (Sanderson et al. 2001 , Cheer et al. 2012 .
